Vascular smooth muscle cells (VSMCs) play an important role after a subarachnoid hemorrhage (SAH). The changes in VSMCs following bexarotene treatment after SAH are unknown. In the present study, neurological impairment, decreased cerebral cortical blood flow and transformation of cerebral VSMCs from a contractile to a synthetic phenotype were observed after SAH. Bexarotene reduced neurological impairment, improved cerebral cortical blood flow, inhibited VSMC phenotypic transformation and suppressed the expression of 5-lipoxygenase-activating protein (FLAP) and leukotriene B4 (LTB 4 ), which was partly reversed by GW9662, an inhibitor of peroxisome proliferator-activated receptor gamma (PPARg). Mechanistically, sh-PPARg-mediated phenotypic transformation of VSMCs was partially suppressed by MK886, an antagonist of FLAP. Therefore, we conclude that bexarotene reduced neurological impairment, improved cerebral cortical blood flow and inhibited the VSMC phenotypic transformation after SAH, which was achieved by activating PPARg-mediated inhibition of FLAP/LTB 4 in VSMCs
Introduction
Subarachnoid hemorrhage (SAH) is frequently a devastating disease. SAH causes a greater than 50% combined morbidity and mortality rate. At present, diagnosis and surgical treatment of SAH has been improving. However, effective therapeutic interventions are still limited, and clinical outcomes remain disappointing 1 . Thus, novel effective therapies for SAH are urgently required. Recently, Zhang et al. proposed the concept of the vascular neural network, in which astrocytes, microglia, endothelial vascular smooth muscle cells (VSMCs) and pericytes participate in cerebrovascular physiology and pathology. VSMCs play an important role in neurovascular injury after SAH 2 . In addition, animal studies revealed that VSMCs transformed from a contractile to a synthetic phenotype after SAH. Interfering with this phenotypic transformation improves neurological function after SAH 3, 4 . We therefore sought to further study the pathological and physiological process of VSMC phenotypic transformation after SAH.
Leukotriene B4 (LTB 4 ) plays an important role in the phenotypic transformation of VSMCs. LTB 4 promotes inflammatory cell chemotaxis, increases proinflammatory cytokine levels, deteriorates vascular permeability, modulates VSMC phenotypic transformation, and initiates VSMC migration and proliferation, resulting in blood vessel abnormalities [5] [6] [7] . Mechanistically, the 5-lipoxygenase-activating protein (FLAP) binds to 5-lipoxygenase(5-LOX) and arachidonic acid (AA) during leukotriene biosynthesis, facilitating AA translocation from the extracellular matrix to the nuclear membrane and promoting LTB 4 synthesis 8, 9 . Studies have shown that abnormal FLAP expression in myeloid cells promoted LTB 4 -dependent VSMC phenotypic transformation, intimal migration, and proliferation 10 . Despite these findings, the underlying mechanism regulating VSMC phenotypic transformation in SAH is poorly understood.
Recent studies have observed a correlation between LTB 4 and peroxisome proliferator-activated receptor gamma (PPARg). Sobrado et al. reported that PPARg activation by rosiglitazone inhibited LTB 4 expression in a middlecerebral-artery-occlusion model 11 . Adrian et al. found that PPARg and LTB 4 interact in the pathogenesis of pancreatic cancer 12 . Additionally, PPARg was found to regulate the activation of 5-LOX, participating in tissue repair and antiinflammatory processes after stroke 13 . PPARg, a ligandactivated transcription factor that influences the expression of a number of genes, is currently thought to play an important role in the resolution of inflammation. Moreover, PPARg has been found to play an important role in reducing inflammation and brain injury after SAH 14, 15 . Moreover, studies have shown that PPARg can inhibit VSMC phenotypic transformation [16] [17] [18] . However, the connection between PPARg and LTB 4 in VSMCs after SAH is unclear.
Bexarotene is used clinically to treat refractory cutaneous T-cell lymphoma 19, 20 . Some studies have reported that bexarotene exhibited a protective effect in some diseases of the central nervous system (CNS) such as amyotrophic lateral sclerosis 21 , epilepsy 22 , and Parkinson's disease 23 . In addition, bexarotene can activate PPARg and binds to specific DNA sequences called peroxisome proliferator response elements (PPREs) in target gene promoters. Bexarotene has been shown to activate PPARg to reduce inflammation and tissue injury during endotoxemia in rats 24 . Moreover, PPARg activation regulates PPREs and other signaling pathways that inhibit inflammation and promote protection and repair in the brain 25, 26 . However, few studies have explored the role bexarotene plays in SAH.
Therefore, the present study investigated the potentially protective role of bexarotene after SAH with respect to the phenotypic transformation of VSMCs mediated by PPARg and FLAP/LTB 4 in cerebral vessels.
Materials and Methods

SAH Model and Experimental Protocol
All animal procedures were approved by the Ethics Committee of the First Affiliated Hospital of Chongqing Medical University, China. Briefly, adult male Sprague-Dawley (SD) rats weighing 300-400 g were chosen for the experiments. Anesthesia was induced by administering 3% isoflurane with 67% N 2 O and 30% O 2 until rats became unresponsive to the tail pinch test; pentobarbital (50 mg/kg) was then injected peritoneally to maintain anesthesia. Each group included 12 rats, with a total of 204 rats used. The rats were randomly divided into the following groups in part 1: (1) Sham, (2) SAH 1d, (3) SAH 2d, (4) SAH 3d, (5) SAH 4d, (6) SAH 5d, and (7) SAH 7d. In the subsequent experiments, rats were tested for neurological function three days after SAH and then euthanized to determine the brain water content and SAH grading, as well as to perform immunofluorescence, Western blotting, and enzyme-linked immunosorbent assay (ELISA). The experimental groups were as follows for part 2: (1) Sham, (2) SAHþvehicle, (3) SAHþbexarotene, and (4) SAHþbexaroteneþGW9662. Rats were further divided into the following groups for part 3: (1) Sham, (2) SAHþsh-control, (3) SAHþsh-PPARg1, (4) SAHþsh-PPARg2, (5) SAHþMK886, and (6) SAHþsh-PPARgþMK886.
A 3-0 sharpened monofilament nylon suture was gently inserted rostrally into the right internal carotid artery from the external carotid artery until the stump reached the bifurcation of the anterior and middle cerebral arteries. The suture was then advanced an additional 5 mm to perforate the artery, then immediately withdrawn, and the external carotid artery was ligated. Sham-operated rats were subjected to all surgical procedures except the suture puncture 27 .
Drug Preparation and Administration
Drug preparation and administration were previously described by Zhong et al. 28 Briefly, 20 mg bexarotene (Selleck, Shanghai, China) was dissolved in 5.7 ml dimethyl sulfoxide (DMSO), and 51.3 ml phosphate-buffered saline (PBS) was added to the mixture. Similarly, 10 mg GW9662 (Selleck), an inhibitor of PPARg was dissolved in 3.6 ml DMSO, and PBS (32.4 ml) was added to the mixture. A total of 10 mg of MK886 (Selleck), an antagonist of FLAP was dissolved in 2.1 ml DMSO, and 18.9 ml PBS was added to the mixture. The final concentrations of GW9662, MK886 and bexarotene were the same (1 mM). The solution was injected intraperitoneally at 5 mg/kg bexarotene, 2 mg/kg GW9662, and 3 mg/kg MK886 per day after SAH. The vehicle group solution was prepared in the same manner and administered in the same volume, same route and same time course as above. These reagents were used immediately after SAH and continued to be used once a day until the rats were euthanized.
Adenoviral Vectors of Short Hairpin RNAs
Adenoviral vectors expressing scrambled (control) or PPARg short hairpin RNA (shRNA) (sh-PPARg1 and sh-PPARg2) to silence PPARg transcription were constructed by Hanbio (Shanghai, China). The resultant recombinant vector, pAd-sh-PPARg, was digested with Pac I and transfected into AD-293 cells to package viral particles expressing sh-PPARg (Ad-sh-PPARg). The adenovirus was purified using a gradient-density ultracentrifugation of cesium chloride and dialyzed in dialysis buffer.
Viral vectors were injected into the lateral cerebral ventricle at a rate of 2 ml/min with 10 ml of 2 mM siRNA per the manufacturer's instructions. The vectors were stored at À80 C until used and then diluted to 1Â10 10 pfu/ml. A total of 10 ml of the dilution was injected into each animal. Rats were placed in a stereotaxic apparatus under pentobarbital (50 mg/kg) anesthesia, and their rectal temperature was maintained at 37.5 C using a feedback-controlled heating pad. A cranial burr hole (1 mm) was drilled into the skull 1.5 mm posterior and 1.0 mm lateral relative to the bregma. A needle was inserted through the burr hole 3.5 mm below the horizontal plane of the bregma into the right lateral ventricle 3 days before SAH to obtain maximum amplification.
Neurological Scoring
At 3 days after SAH, an observer blinded to the experimental groups used a modified Garcia score system to assess sensorimotor functions. The evaluation consisted of six tests with scores ranging from 3 to 18: spontaneous activity (0-3), symmetrical movements of four limbs (0-3), outstretching of forelimbs (0-3), climbing (1-3), body proprioception (1-3), and response to vibrissal touch (1-3). Lower scores indicated worse neurological function in the rats. The data from the pre-stroke tests were defined as the baseline 29 .
Grading SAH Severity
The SAH grading system was used to blindly evaluate SAH severity immediately after euthanasia. Briefly, the brain was removed from the skull, and a photograph of the base of the brain was divided into six scored sections (0-3) based on the amount of subarachnoid blood. Each segment had a grade from 0 to 3 depending on the amount of subarachnoid blood clotting in the segment as follows: Grade 0: no subarachnoid blood; Grade 1: minimal subarachnoid blood; Grade 2: moderate blood clotting with recognizable arteries; and Grade 3: blood clotting obliterating all arteries within the segment. Under normal conditions, the score was 0 points. The total score was calculated as the sum of all section scores. Operated animals received a total score ranging from 0 (no SAH) to 18 (most severe SAH), and SAH rats with scores of 7 or less were excluded from the study 30 .
Brain Water Content
Brain water content was detected using the wet/dry method 29 . Briefly, the cerebral hemispheres were removed from the skull, separately placed into pre-weighed and labelled glass vials, and weighed to obtain the wet weight.
The vials were subsequently placed in an oven at 105 C for 24 h, and then they were reweighed to obtain the dry weight. The percentage of brain water content was calculated as [(wet weight -dry weight)/wet weight] Â 100%.
Cerebral Cortical Blood Flow
Cerebral blood flow was determined using laser speckle flowmetry (GENE&I, Beijing, China) which obtains highresolution two-dimensional (2D) images in seconds. Briefly, rats were anesthetized with pentobarbital (50 mg/kg), and their skulls were exposed and covered with plastic wrap. A 635-nm semiconductor laser illuminated the region of interest. The lens focus was adjusted until the region of interest filled the camera's field of view, which was connected by a fiberoptic cable to a laser speckle perfusion imaging (LSPI) instrument head that also contained a black and white charge-coupled device camera with a close-focus imaging zoom lens. Cerebral blood flow was measured in the region of the middle cerebral artery. The exposure time was set at 60 s. The LSPI camera output was fed directly to a live monitor to continuously record the laser-illuminated tissue. The intensity was accumulated in a charge-coupled device camera and transferred to a computer for analysis. Highresolution digital images were processed using custom LSPI algorithms to produce quantitative color-coded perfusion maps of tissue blood flow 31 .
ELISA
Cerebral vascular tissues around the circle of Willis were mechanically homogenized in radioimmunoprecipitation assay (RIPA) lysis buffer (CW2333, CWBIO, Beijing, China). Lysates were centrifuged at 12,000 rpm for 20 minutes at 4 C, and the level of LTB 4 in the tissue was measured using ELISA (MBS762528, MyBioSource, San Diego, CA, USA). The concentration of LTB 4 in the tissue was determined per the manufacturer's directions.
Western Blotting
Cerebral vascular tissues around the circle of Willis were mechanically homogenized in RIPA lysis buffer. A protease inhibitor cocktail (CW2200, CWBIO, Beijing, China) was added to inhibit protein degradation. An ultrasonic cell crusher was used to crack the tissues, and Eppendorf centrifuge was used to centrifuge the lysates at 15,300Âg (12,000 rpm) for 20 min at 4 C. Protein concentrations were measured using the BCA Protein Assay Kit (Beyotime, Shanghai, China). Samples (50 mg per lane) were separated via 8% or 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred to a polyvinylidene difluoride membrane (Millipore, Temecula, CA, USA). The membrane was blocked using 5% bovine serum albumin for 1 hour at 37 C and incubated overnight at 4 C with primary antibodies. The following antibodies were used: PPARg (A11183, ABclonal, Wuhan, China), a-smooth muscle actin (a-SMA; ab7817, Abcam, Burlingame, CA, USA), embryonic smooth muscle myosin heavy chain (Smemb; 19673-1-AP, Proteintech, Wuhan, China) and FLAP (OM205402, OmnimAbs, Alhambra, CA, USA). Glyceraldehyde-3-phosphate dehydrogenase (AB-P-R001, GAPDH; Goodhere Biotechnology, Hangzhou, China) was used as an internal reference. The membrane was washed three times for 5 min in tris-buffered saline (TBS)þTween 20 and incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (A0208, Beyotime, Shanghai, China) for 1 hour at 37 C. Densitometry analysis was performed using the ChemiDoc detection system and Quantity One software (Bio-Rad, Hercules, CA, USA).
Immunofluorescence
Immunofluorescence was performed as described 3 . Briefly, immunofluorescence staining of brain tissues around the circle of Willis was performed on fixed frozen sections to analyze the morphometry of the middle cerebral artery (MCA). A total of 94 rats were anaesthetized 3 days after SAH using pentobarbital (50 mg/kg) and perfused transcardially with 4% paraformaldehyde (PFA). The cerebrum was removed and post-fixed in 4% PFA overnight at 4 C. The tissues were dehydrated with 20% sucrose overnight at 4 C, followed by 30% sucrose overnight at 4 C and embedded in optimal cutting temperature compound. The tissue was sectioned (10 mm thickness) using a cryostat (Leica, Wetzlar, Germany) on glass coverslips for immunostaining. Microwave ovens were used for antigen retrieval in a citrate solution for 20 min. Endogenous peroxidase activity was blocked using 3% hydrogen peroxide for 15 min and rinsed in PBS. Transverse sections were incubated in a blocking solution (5% donkey serum, Solarbio Science and Technology Co., Ltd., Beijing, China) for 1 h at room temperature (RT). Sections were incubated with primary antibodies overnight at 4 C and secondary antibodies (1:200, Proteintech, Wuhan, China) for 1 h at RT. Cell nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO, USA).
Fluorescence images were captured using a fluorescence microscope system (Leica). The diameter and wall thickness of the MCA were measured as described previously. Briefly, three sequential sections (the midpoint of the proximal, middle and distal) were taken for each vessel, measured, and averaged. The MCA diameter and wall thickness were measured using ImageJ software per the manufacturer's instructions. Briefly, the inner perimeter of the vessels was measured by tracing the entire luminal surface of the intima, and the diameter (d) of the vessels was calculated per the equivalent perimeter circle (d ¼ measured inner perimeter/ p). The vessel wall thickness was measured as the distance from the luminal surface of the intima to the outer border of the media at three points for each artery, and the three measurements were averaged for one score 3 .
Statistical Analysis
GraphPad Prism 7.0 software was used for statistical analyses. A Chi-square test was used to compare mortality rates between groups. Behavior scores were found not normally distributed by a Shapiro-Wilk test. Therefore, the scores were compared using a Kruskal-Wallis test with Dunn's multiple comparison for post hoc, and the data were presented as a median with interquartile range. Other measurements were normally distributed through the Shapiro-Wilk test and were analyzed using either one-way or two-way analysis of variance (ANOVA) and presented as the mean with standard deviation. Further comparisons of the measurements between groups were performed using Dunnett's test. Statistical significance was set at p<0.05.
Results
Cerebral VSMCs Transformed from a Contractile Phenotype to a Synthetic Phenotype After SAH
Western blotting followed by ANOVA plus post hoc testing revealed that a-SMA expression was decreased and Smemb expression was increased in VSMCs, suggesting that VSMCs changed from contractile to synthetic after SAH (Fig 1A) . The phenotypic transformation of VSMCs were obvious 3 days after SAH. Moreover, PPARg and FLAP expression also reached relatively high levels ( Fig 1A) . Therefore, we chose the third day as the time point for observation and intervention in the subsequent experiments. Immunofluorescence (Fig 1B and C) revealed that PPARg and FLAP were upgraded in VSMCs after SAH.
Bexarotene Reduced Neurological Impairment and Relieved the Decreased Cerebral Cortical Blood Flow via PPARg Activation After SAH
We divided adult male rats into four groups to examine the protective role of bexarotene after subarachnoid hemorrhaging as follows: Sham, SAHþvehicle, SAHþbexarotene, and SAHþbexaroteneþGW9662 (12 rats per group). We used modified Garcia scores (Fig 2A) to assess the neurological function of SD rats in the four groups 3 days after SAH. Mortality was assessed after SAH ( Fig 2B) . We used laser speckle to measure cerebral cortical blood flow in SD rats in the four groups (Fig 2C) . The subarachnoid hemorrhage severity was determined using the SAH severity scores ( Fig  2D) . Brain water content was measured in the four groups (Fig 2E) . In general, bexarotene improved neurological function, reduced mortality, decreased SAH severity and reduced brain edema after SAH. Bexarotene relieved the decreased cerebral cortical blood flow after SAH. The specific antagonist of PPARg, GW9662, partially counteracted these effects.
Bexarotene Inhibited VSMC Phenotypic Transformation by Activating PPARg After SAH SD rats were divided into four groups to further explore the protective mechanism of bexarotene after SAH. We performed Western blot assays and found bexarotene increased the protein level of the contractile phenotypic marker a-SMA and decreased the synthetic phenotypic marker Smemb in VSMCs after SAH (Fig 3A) . In addition, bexarotene increased the expression of PPARg and inhibited the expression of FLAP and LTB 4 (Fig 3A and B) . Moreover, we performed an immunofluorescence assay and discovered bexarotene reduced VSMC phenotypic transformation from a contractile phenotype to a synthetic phenotype (Fig 3C) and ameliorated stenosis and wall thickness of the MCA after SAH (Fig 3D) . Using GW9662 repressed these effects.
The Inhibitory Mechanism of VSMC Phenotypic Transformation via PPARg Partially Occurred Through the Suppression of FLAP/LTB 4 Expression
We constructed an adenoviral vector to knock down PPARg in vivo to elucidate the molecular mechanisms of PPARg-mediated VSMC phenotypic transformation. We designed two knocked down sequences of PPARg to ensure high efficacy. Rats were grouped as follows: Sham, SAHþsh-con, SAHþsh-PPARg1, SAHþsh-PPARg2, SAHþMK886, and SAHþsh-PPARgþMK886 (12 rats per group). Western blotting confirmed the effectiveness of shPPARg1 and shPPARg2 (Fig 4A) , and immunofluorescence assays demonstrated that these shRNA decreased PPARg expression in VSMCs (Fig 4B) . Moreover, no statistically significant differences were observed between the SAHþsh-PPARg1 and SAHþsh-PPARg2 groups. Therefore, we chose shPPARg2 in combination with MK886 (specific antagonist of FLAP) as the SAHþsh-PPARgþMK886 group. Knockdown of PPARg aggravated the phenotypic transformation of VSMCs from the contractile to the synthetic phenotype (Fig 4A) , increased LTB 4 expression ( Fig  4C) and exacerbated the deterioration of the neurological function (Fig 4D) . However, the use of MK-886 partially reduced these effects. Therefore, we speculated that activation of PPARg inhibited the expression of FLAP and LTB 4 , resulting in the inhibition of the phenotypic transformation of VSMCs after SAH. .05 versus SAHþbexarotene group; n¼12, with 12 used for modified Garcia scoring and SAH severity scoring and cerebral blood flow measurements and 4 used for brain water content). The same rats were used in Fig 2 and Fig 3 and belonged to experimental part 2. PPARg: peroxisome proliferator-activated receptor gamma; SAH: subarachnoid hemorrhage.
Discussion
After SAH, a series of reactions were triggered, including altered vasoreactivity, microvascular constriction, increased endothelial inflammation and leukocyte-endothelial interactions, disruption of the blood-brain barrier, increased microthrombi and pathological inversion of neurovascular coupling 32 . These pathophysiological changes in the CNS interfere with the autoregulation of cerebral blood flow, which aggravates cerebral ischemia and hypoxia and causes neurological impairment 33, 34 . Animal experiments have demonstrated that calcium channel blockers reduce cerebral vasospasms 35 . The clinical use of calcium channel blockers, such as nimodipine and fasudil, also reduced the incidence of cerebral vasospasms and delayed cerebral ischemia; however, no significant improvement in patient outcomes was observed 36 . Therefore, other mechanisms may potentially affect the perfusion of cerebral blood flow. VSMCs are known to play important roles in stabilizing vascular tone and regulating blood flow. The vascular system is damaged after stroke, and VSMCs protect our brain by promoting the rescue of ischemic penumbra and preserving the neurovascular unit. This process may be due to arterial smooth muscle cells with contractile phenotypes, which have the ability to regulate the balance of cerebral blood flows. VSMCs enhanced the vasodilatation and vasoconstriction abilities of arteries, which was accompanied by the recovery of cerebral blood flow and neurological function 32, 37 . VSMCs in normal blood vessels adopt a contractile phenotype, wherein they primarily express proteins that regulate cell contraction, such as a-SMA and smooth muscle myosin heavy chains (SM-MHCs) 38 . However, VSMCs retain considerable plasticity and undergo phenotypic transformation from a contractile to a synthetic phenotype under pathological circumstances. VSMCs with a synthetic phenotype exhibit increased proliferation, migration and synthesis of extracellular matrix components, expressing specific protein markers, such as Smemb 39, 40 . However, this phenotypic transformation contributes to the development or progression of vascular diseases, including atherosclerosis, asthma, and hypertension [41] [42] [43] .The present study established SAH models using intravascular puncture. We found that VSMCs transformed from a contractile phenotype to a synthetic phenotype after SAH. The neurological deficits and cerebral cortical blood flow were also reduced. Therefore, we speculated that the pathophysiological process of VSMC phenotypic transformation may be involved in regulating neurovascular function after SAH. In this study, we performed an external carotid artery endovascular puncture in SD rats to establish SAH and found the phenotypic transformation of cerebral VSMCs. In addition, we found PPARg and FLAP participated in the neurovascular injury process after SAH.
The United States Food and Drug Administration approved bexarotene some years ago for the clinical treatment of refractory cutaneous T-cell lymphoma 20 . However, bexarotene was not clinically indicated for SAH. Our group previously found that bexarotene relieved motor deficits and improved the spatial memory of rats after traumatic brain injury (TBI) 28, 44 . Moreover, Cramer et al. found bexarotene improved the neurological function of rats with Alzheimer's disease 19 . Mechanistically, bexarotene activated retinoid X receptors (RXR), promoted RXR to form heterodimers with PPARg, causing activation of PPARg. PPARg, also called NR1C3, is a ligand-modulated transcription factor belonging to the nuclear hormone receptor superfamily. PPARg is a therapeutic target for treating type II diabetes 45 . Studies have shown that serine/threonine kinase (Bcr) activation inhibited the transcriptional activity of PPARg, promoted VSMC inflammation and proliferation, leading to neointimal response after vascular injury 16 . In addition, Zhang et al. demonstrated that rosiglitazone inhibited VSMC transformation from contractile to synthetic phenotypes and prevented hypertension-related vascular disorders by activating PPARg in hypertensive rats 17 . In addition, Yang et al. found that rosiglitazone inhibits VSMC phenotypic transformation by activating PPARg/PKG and reduces neointimal hyperplasia after angioplasty 18 . The aforementioned studies suggested that PPARg activation can inhibit the phenotypic transformation of VSMCs. Nevertheless, the effect of bexarotene on the PPARg-mediated phenotypic transformation of VSMCs has not been reported. Therefore, the present study explored the neurovascular protection of bexarotene after SAH. Side effects have been reported with the use of bexarotene, such as reversible hyperlipidemia, pathological hepatomegaly and significant body weight reduction 20 . Our previous experiment demonstrated that bexarotene effectively entered the CNS when injected intraperitoneally at 5 mg/kg per day, with no obvious toxic or adverse effects 28 . The present study examined the potentially protective mechanisms of bexarotene after SAH. We found that the phenotypic transformation of VSMCs was obvious three days after SAH. Moreover, PPARg and FLAP levels also reached a relatively high level at this time. Therefore, we selected this time point to perform further neurobehavioral examinations, cerebral cortical blood flow tests, immunofluorescence, Western blotting, and ELISA assays, among others, to explore the protective mechanism of bexarotene. We found bexarotene ameliorated the neurological function deficits, improved cerebral cortical blood flow regulation and reduced the phenotypic transformation of VSMCs from a contractile phenotype to a synthetic phenotype. Bexarotene also reduced mortality, decreased the severity of SAH, reduced brain edema and ameliorated cerebral ischemia after SAH. The specific antagonist of PPARg, GW9662, reduced these effects. To our knowledge, this study is the first to observe neurovascular protection by bexarotene after SAH.
The current study found that bexarotene activated PPARg and inhibited the expression of FLAP and LTB 4 after SAH. We expected that FLAP and LTB 4 participate in the pathophysiological process of PPARg-mediated phenotypic transformation of VSMCs. Therefore, we performed mechanistic experiments to investigate this hypothesis. We performed PPARg knockdown combined with the use of MK886 in rats. We concluded that FLAP and LTB 4 were involved in PPARg-mediated VSMC phenotypic transformation using Western blotting, ELISA, and behavioral tests. Moreover, we also demonstrated that PPARg inhibited the phenotypic transformation of VSMCs by inhibiting FLAP and LTB 4 after SAH.
Our study had some limitations. We did not perform experiments on the mechanisms of VSMC phenotypic transformation using bexarotene in vitro. Moreover, RXR may activate other proteins and transcription factors that we did not study in this research. In the future, we plan to address these limitations and further investigate the potential protective role of bexarotene after SAH.
SAH is a severe disease, and the current available therapies are unsatisfactory. The results of the present study suggest that bexarotene is a good candidate for developing novel promising therapeutics. Future studies should focus on the profound mechanisms of bexarotene in regulating the pathological processes of cerebral vascular smooth muscle after SAH. FLAP/LTB 4 should also be investigated to develop effective therapies after SAH.
Conclusion
Bexarotene inhibits the phenotypic transformation of VSMCs and improves neurological function and cerebral cortical blood flow via PPARg after SAH. Bexarotene achieves this effect by partially inhibiting FLAP/LTB 4 -dependent phenotypic transformation of VSMCs. VSMC-related studies will provide novel perspectives for researching SAH and developing therapeutic strategies to treat SAH.
